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CONTROLLED CO PREFERENTIAL
OXIDATION

The Government of the United States of America has
rights in this invention pursuant to Agreement No.

DE-AC02-90CH10435 awarded by the U.S. Department of
Energy.

TECHNICAL FIELD

The present invention relates to a method for controlling
the preferential oxidative reduction of the carbon monoxide

content of a hydrogen-rich fuel stream for a fuel cell.

BACKGROUND OF THE INVENTION

Fuel cells have been proposed for many applications
including electrical vehicular power plants to replace inter-
nal combustion engines. Hydrogen is often used as the fuel
and is supplied to the fuel cell’s anode. Oxygen (as air) is the
cell’s oxidant and is supplied to the cell’s cathode.

The hydrogen used in the fuel cell can be derived from the
reformation of methanol or other organics (e.g.,
hydrocarbons). Unfortunately, the reformate exiting the
reformer contains undesirably high concentrations of carbon
monoxide which can quickly poison the catalyst of the fuel
cell’s anode, and accordingly must be removed. For
example, in the methanol reformation process, methanol and

water (as steam) are ideally reacted to generate hydrogen
and carbon dioxide according to the reaction:

CH,OH+IL,0-C0,+3H,

This reaction is accomplished heterogeneously within a
chemical reactor that provides the necessary thermal energy
throughout a catalyst mass and actually yields a reformate
gas comprising hydrogen, carbon dioxide, carbon monoxide,
and water. One such reformer is described in U.S. Pat. No.
4,650,727 to Vanderborgh. Carbon monoxide (i.e., about
1-3 mole %) is contained in the H,-rich reformate/effluent
exiting the reformer, and must be removed or reduced to
very low nontoxic concentrations (i.e., less than about 20
ppm) to avoid poisoning of the anode.

It is known that the carbon monoxide, CO, level of the

reformate/effluent exiting a methanol reformer can be
reduced by utilizing a so-called “shift” reaction. In the shift

reactor, water (i.c. steam) is added to the methanol
reformate/effluent exiting the reformer, in the presence of a
suitable catalyst, to lower its temperature, and increase the
steam to carbon ratio therein. The higher steam to carbon
ratio serves to lower the carbon monoxide content of the
reformate according to the following ideal shift reaction:

CO+H,0—-C0O,+H,

Some CO still survives the shift reaction. Depending upon
the reformate flow rate and the steam injection rate, the
carbon monoxide content of the gas exiting the shift reactor
can be as low as 0.5 mole %. Any residual methanol is
converted to carbon dioxide and hydrogen in the shift
reactor. Hence, shift reactor effluent comprises hydrogen,
carbon dioxide, water and some carbon monoxide. |
The shift reaction is not enough to reduce the CO content
of the reformate enough (i.e., to below about 20 ppm).
Therefore, it is necessary to further remove carbon monox-
ide from the hydrogen-rich reformate stream exiting the shift
reactor, and prior to supplying it the fuel cell. It is known to
further reduce the CO content of H,-rich reformate exiting
the shift reactor by a so-called “PROX” (i.e., preferential
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oxidation) reaction effected in a suitable PROX reactor. The
PROX reactor comprises a catalyst bed operated at tempera-
tures which promote the preferential oxidation of the CO by
air in the presence of the H,, but without consuming/
oxidizing substantial quantities of the H,. The PROX reac-
tion is as follows:

CO+¥20,—CO,

Desirably, the O, required for the PROX reaction will be
about two times the stoichiometric amount required to react
the CO in the reformate. If the amount of O, exceeds about

two times the stoichiometric amount needed, excessive
consumption of H, results. On the other hand, if the amount
of O, is substantially less than about two times the stoichio-
metric amount needed, insufficient CO oxidation will occur.
The PROX process is described in a paper entitled “Metha-
nol Fuel Processing for Low Temperature Fuel Cells” pub-
lished in the Program and Abstracts of the 1988 Fuel Cell
Seminar, October 23-26, 1988, Long Beach, Calif., and in
U.S. Pat. Vanderborgh et al 5,271,916, inter alia.

PROX reactions may be either (1) adiabatic (i.e. where
the temperature of the catalyst is allowed to rise during
oxidation of the CO), or (2) isothermal (i.e. where the
temperature of the catalyst is maintained substantially con-
stant during oxidation of the CO). The adiabatic PROX
process is typically effected via a number of sequential
stages which progressively reduce the CO content in stages.
Temperature control is important in adiabatic systems,
because if the temperature rises too much, a reverse shift
reaction can occur which actually produces more CO. The
isothermal process can effect the same CO reduction as the
adiabatic process, but in fewer stages (e.g., one or two
stages) and without concern for the reverse shift reaction.

In either case (i.c., adiabatic or isothermal), a controlled
amount of O, (i.e., as air), is mixed with the reformate
exiting the shift reactor, and the mixture passed through a
suitable catalyst bed known to those skilled in the art. To
control the air input, the CO concentration in the gas exiting
the shift reactor is measured, and based thereon, the O,
concentration needed for the PROX reaction adjusted.
However, etfective real time CO sensors are not available,
and accordingly system response to CO concentration mea-
surements is slow. Alternatively for adiabatic systems, the
catalyst temperature can be used as a reference to control the
O, feed rate. Catalyst temperature cannot be used to control
O, feed to an isothermal PROX reactor.

For the PROX process to be most efficient in a dynamic

system (i.e., where the flow rate and CO content of the '

H,-rich reformate vary continuously in response to varia-
tions in the power demands on the fuel cell system), the
amount of O, (i.e., air) supplied to the PROX reactor must
also vary on a real time basis, in order to continuously
maintain the desired oxygen-to-carbon monoxide concen-
tration ratio.

SUMMARY OF THE INVENTION

According to the present invention, there is provided a
method for efficiently reducing the carbon monoxide content
of an H,-rich fuel gas for a H,—O, fuel cell (i.e. without
untoward consumption of H,), and more particularly for
controlling the O, feed rate to a PROX reactor. The method
is particularly useful in conjunction with isothermal PROX
systems where (), feed rate control cannot otherwise be
based on catalyst temperature.

The invention involves the real-time contml of the
amount of O, (i.e., as air) supplied to a PROX reaction in
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response to the difference between the H, concentration in
the fuel gas entering the PROX reactor and the H, gas
stream exiting the PROX reactor so as to maximize CO
consumption while minimizing H, consumption in the
PROX reactor. More specifically, there is provided an
improved method of operating a H,—O, fuel cell system
which utilizes a hydrogen-rich fuel gas containing a carbon
monoxide content sufficient to poison the fuel cell’s catalyst,
by preferentially oxidizing the CO with a controlled amount

of O, so as to produce a catalyst nontoxic feed stream for the
fuel cell. The improved process comprises modulating of the
flow rate of the O, input to the preferential oxidation
reaction so as to minimize consumption of H, therein by: (1)
measuring the H, content of the fuel cell fuel gas before it
enters the PROX reaction; (2) measuring the H, content of
the feed stream exiting the PROX reaction; (3) determining
a first actual difference, AH,* between the H, contents of
the PROX feed stream and the fuel cell fuel gas; (4)
determining a second (i.e. control) difference, AH,°,
between the first actual difference, AH,%, and a third refer-
ence difference, AH,", which corresponds to an ideal differ-
ence between the H, contents of the PROX feed stream and
the fuel cell fuel gas; (5) from the second/control difference,
AH,°, determining the ideal flow rate for the O, to achieve
the reference difference AH,"; (6) determining a fourth
difference, AQO,, between the actual oxygen flow rate, O.,%,
to the preferential oxidation reaction and an ideal oxygen
flow rate, 0., to such reaction; (7) generating an output
signal representative of the fourth difference; and (8) modu-
lating the flow rate of the oxygen supplied to the PROX
reactor in response to said output signal in order to achieve
the ideal O, rate. '

The invention will better be understood when considered
in the light of the following detailed description of a specific
embodiment thereof which is given hereafter in conjunction
with the several drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts the PROX O, control system
of the present invention; and

FIG. 2 is a control schematic of the process for controlling
the system of FIG. 1.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 depicts a single-stage PROX reactor 2 having an
inlet conduit 4 for conveying CO-rich, H,-rich reformate to
the reactor 2 and an outlet conduit 6 for exhausting CO-lean,
H,-rich reformate from the reactor 2. For purposes of
illustrating the present invention, the PROX reactor 2 is
shown as simply a single-stage reactor. However, it is to be
understood that the following description is equally appli-
cable to each of several stages in a multi-stage reactor. The
CO-contaminated H,-rich reformate entering the PROX
reactor 2 1s mixed with oxygen (i.c., air) injected into the
reformate upstream of the PROX reactor 4 via a controllabie
valve 8, and exits the PROX reactor 2 having a significantly
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lower carbon monoxide content. In a dynamic fuel cell

system, the flow rate of the reformate varies with the load
demands put upon the fuel cell system, and the concentration
of the carbon monoxide in the reformate varies with the flow
rate of the reformate, if for no other reason than the reaction
residence time in the reformer and shift reactor varies. In
order to optimize CO consumption in the PROX reaction
while minimizing H, consumption, it is essential that the
amount of oxygen mixed with the reformate vary on a real
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time basis as the carbon monoxide concentration of the
reformate varies.

The control strategy of the present invention is based on
the fact that if any carbon monoxide remains in the gas 1t will
be oxidized preferentially to the hydrogen, and hence the
hydrogen content of the gas will remain substantially the

same in the inlet 4 and the outlet 6. However when all of the
carbon monoxide is consumed, the oxygen will react with,
and rapidly consume, hydrogen such that there will be a

significant difference between the concentration of the
hydrogen in the gas entering the PROX compared to the
hydrogen concentration in the gas exiting the PROX.

~ In accordance with the present invention, the difference in
hydrogen concentration between the inlet 4 and the outlet 6
of the PROX is used to control the amount of air that needs
to be mixed with the reformate upstream of the PROX. To
this end, a first hydrogen sensor 10 measures the concen-
tration of the hydrogen in the inlet conduit 4 and sends a
corresponding signal (i.e., voltage) 11 to the electronic
control module 12 (ECM). Similarly, a second hydrogen
sensor 14 associated with the outlet conduit 6 measures the
concentration of the hydrogen in the reformate exiting the
PROX 2, and sends a corresponding signal (i.c., voltage) 16
to the electronic control module 12. A suitable H, sensor for
this purpose is described in U.S. patent application Ser. No.
08/543,541 filed Oct. 16, 1995, and assigned to the assignee
of the present invention. At the same time, an air flow meter
18 in the air supply-stream 19 measures the flow of air to the
controllable valve 8, and sends a signal 20 to the electronic
control module 12. The signal 20 represents the actual flow
rate of air into the inlet conduit 4 to the PROX reactor 2. As
will be described in more detail in conjunction with FIG. 2,
the electronic control module 12 processes the several input
signals 11, 16, and 20, and outputs a control signal 22 for
effecting the opening/closing of the controllable valve 8 to
modulate the flow of air into the inlet conduit 4 of the PROX
reactor 2 so as to provide the precise amount of air that is
required to consume the carbon monoxide in the inlet gas to
the PROX reactor 2 without consuming an untoward amount
of hydrogen.

The ECM 12 implements the process and contains the
necessary hardware and software for receiving inputs, con-
verting inputs to other values correlated with the inputs,
summing inputs, generating internal signals based on those
inputs, and conditioning (i.e., integrating/differentiating) the
internal signals to provide a smooth output control signal.
More specifically, the ECM 12 takes the form of a conven-
tional general purpose digital computer-based controller
programmed to periodically carry out the process described
hereafter at predetermined intervals (e.g., every 100
milliseconds). The controller includes such well known
elements as (1) a central processing unit with appropriate
arithmetic and logic circuitry for carrying out arithmetic,
logic and control functions, (2) read-only memory (ROM),
(3) read-write random access memory (RAM), (4) electroni-
cally programmable read only memory (EPROM), and (5)
input and output circuitry which interfaces with the H,
sensors, air flow meter and air control valve. The ROM
contains the instructions read and executed by the CPU to
implement the process described hereafter including sum-
mation and PID controller functions. The EPROM contains
appropriate look-up tables and calibration constants (i.e.,
ideal H, concentration difference, AH,") for converting and
comparing appropriate inputs/outputs.

The ECM 12 processes the several signals 11, 16 and 20
to provide an appropriate control signal 22 for controlling
the valve 8 to modulate the air flow to the PROX reactor 2.
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As shown in the schematic of FIG. 2, the hydrogen sensor
10 provides a signal ‘11 to the ECM 12. The ECM 12
contains a conventional linear two-dimensional look-up
table 24 stored in the electronically programmable read-only
memory for converting the voltage input 11 from the sensor
10 to an output 26 indicative of the percentage hydrogen
concentration in the reformate gas in inlet conduit 4. The
values of the look-up table 24 are determined emperically to
correlate the voltage input 11 to the proper hydrogen con-
centration. Similarly, the output signal 16 from the hydrogen
sensor 14 is supplied to the ECM 12. The ECM 12 contains
another linear, two-dimensional look-up table 28, similar to
look-up table 24, for providing the same sort of sensor-
voltage-to-percentage-hydrogen conversion as provided by
look-up table 24, and for providing an output signal 30
corresponding to such hydrogen concentration. The output
signals 26 and 30 are provided to a conventional error

detector, or summing node 32, which is a series of instruc-
tions to the CPU to sum the inputs 26 and 30 and thereby
determine the actual difference AH,“ between the hydrogen
concentration of the gas exiting the PROX reactor 2 and the
hydrogen concentration of the gas entering the PROX
reactor, and generates an output signal 34 representative of
the actual difference AH,“. The signal 34 is provided to a

second summing node 36 which determines the difference
AH.° between the actual H, concentration difference, AH,%,

and a reference H, concentration difference, AH,", which is
a calibration constant for the ideal H, concentration differ-
ence for optimal CO consumption and minimal H, con-
sumption which difference is the set point established by the
system designer. AH," is determined emperically to refiect
the onset of significant hydrogen consumption in the PROX
reactor 2 which indicates that most of the carbon monoxide
has been consumed. The summing node 36, in turn, gener-
ates a signal 38 which indicates the difference AH,“ between
the reference hydrogen concentration difference (AH,"), and
the actual hydrogen concentration difference between the
inlet and the outlet of the PROX 2 (i.e., AH,“). The output
signal 38 is inputted into a linear two-dimensional look-up
table 39, the values of which are emperically determined,
and convert the H, differential input signal 38 to an output
signal 41 indicative of the ideal amount of oxygen, O.’,
needed to cause the actual hydrogen difference AH,* to
equal the reference hydrogen difference AH,". The output
signal 41 is fed to a conventional proportional-plus-
derivative-plus-integral controller (hereafter PID controller)
40, which is a sequence of arithmetic operations carried out
by the CPU so as to temper or smooth out the signal 41 fed
thereto and provide an improved signal 42 corresponding to
the ideal air flow, O,’, needed to react with the CO in the
reformate entering the PROX 2 through the inlet 4.

At the same time that the ideal amount of air needed for
the PROX reaction is being determined, a signal 20 from the
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The electronic control module 12 contains a linear two-
dimensional look-up table 44 the values of which are
emperically determined and convert the signal 20 from the
flow meter 18 to an actual air flow rate O,“ output signal 46.
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A summing node 48 determines any difference AO, between
the actual air flow rate, O.,%, indicated by the signal 46, and
the ideal air flow rate, O, indicated by the signal 42, and
generates a signal S0 to a conventional PID controller 52,
which may be the same PID controller 40 mentioned above
or a separate controller like PID controller 40, which gen-
erates a temper output control signal 22 that effects the
opening or closing of the valve 8 as needed to modulate the

flow of air into the inlet 4 to the PROX 2 and to conform it
to substantially the ideal O, flow rate O,'. |

While the invention has been described solely in terms of
one specific embodiment thereof it is not to be limited
thereto but rather only to the extent set forth hereafter in the
claims which follows. |

We claim:

1. In a method of operating a H,—O, fuel cell system
comprising the principle steps of (1) providing a hydrogen-
rich fuel gas having a first carbon monoxide, CO, content
sufficient to poison the fuel cell’s anode, and (2) subjecting
said fuel gas to a preferential oxidation reaction for selec-
tively oxidizing said CO with O, in the presence of said
hydrogen to produce a feed stream for said fuel cell which
has a second carbon monoxide content less than said first

content, the improvement comprising controlling the flow
rate of said O, to said preferential oxidation reaction so as

to optimize the consumption of said carbon monoxide from
said fuel gas while minimizing the consumption of H,
therefrom by: |

a. measuring the H, content of said tuel gas;
b. measuring the H, content of said feed stream;

c. determining a first actual difference, AH,", between the
H. contents of said feed stream and said fuel gas;

d. determining a second control difference, AH,“, between
said first actual difference, AH,“, and a third reference
difference, AH,”, which reference difference corre-
sponds to an ideal difference between the H, contents
of said feed stream and said fuel gas;

e. from said second control difference, AH,", determining
the 1deal oxygen flow rate, O.,’, needed for said pref- -

erential oxidation reaction to achieve said reference
difference AH,";

f. determining a fourth difference, AH,, between the
actual oxygen flow rate (O,%) to the preferential oxi-
dation reaction and said ideal oxygen flow rate O,’ to
such reaction;

g. generating an output signal representative of the fourth
difference AQ,; and |

h. modulating the flow rate of the O, to said preferential
oxidation reaction in response to said output signal to
achieve said ideal oxygen flow rate O.".

2. The process according to claim 1 wherein said prefer-
ential oxidation reaction is conducted substantially isother-
mally on a catalyst maintained at a substantially constant
temperature.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

Title page, in the Abstract line 2 after "oxidation" insert

-— Of carbon monoxide -—-.

In the Claims, at colum 6, line 44 delete "de" and substitute
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